INTRODUCTION
Carbon fiber reinforced plastic (CFRP) plates are increasingly used in the aerospace industry. Damage to be detected includes porosities, ply waviness, delaminations after impact… Inspections of such mechanically optimized structural parts may be difficult to interpret, due to complex geometries and composite properties. In this context, simulation plays an important role in helping NDT design and performance predictions. As it represents an input of the simulation, a specific attention must be paid to the geometrical and material properties of the CFRP. A single ply of CFRP is made up of a resin such as epoxy and carbon fibers with a given orientation. Several unidirectional plies of various orientations are superimposed to form a pattern. The replication of this periodic pattern forms the stacking sequence of the composite laminate. Depending on the modelling approach, an effective anisotropic homogeneous medium may be considered in the simulation, representing the entire laminate. Alternatively, each ply may be taken independently into account in the simulation. In this case, the ply may be considered as a transversely isotropic material with a given crystallographic orientation corresponding to the fiber orientation.
TWO MODELLING APPROACHES FOR THE SIMULATION OF COMPOSITE INSPECTIONS

Ray-based Model Applied on Homogenized Laminate
A semi-analytical propagation model [1] , based on ray theory, has been implemented in the CIVA software [2], developed by CEA-LIST. It can compute the elastic wavefield propagating in anisotropic media as well as its interaction with different flaws. The surface of the emitting transducer is discretized into elementary sources. For a given observation point, the contributions of each elementary source are computed and subsequently summed. The characteristic dimensions of the propagation medium must be large compared to the wavelength as the model is based on a high frequency approximation. That is why a homogenization procedure must be applied [3] . Effective stiffness constants for a given laminate are obtained by synthesizing an effective slowness surface deduced from ray tracing modeling (Figure 1 .). For a plane wave of given incidence, following the energy path crossing each ply of the composite laminate leads to an average energy direction. Repeating this process for several incidence directions, an overall slowness surface describing an anisotropic homogeneous medium characterizing the whole composite can be obtained. An optimization method is then applied to obtain the associated effective stiffness tensor.
Simulations using a ray based model on a homogenized laminates are very fast compared to numerical methods. On the other hand, the accuracy of the results relies heavily on the validity of the homogenization process. For instance, as intermediate epoxy layers are not modelled, structural noise cannot be taken into account. The same is true for ply waviness.
Hybrid Ray-FDTD Model
To obtain more accurate results, a hybrid model combining a Finite Difference in Time Domain (FDTD) developed by Airbus Group Innovation (AGI) [4] and the ray-based model presented in the previous paragraph, has been proposed. The ray-based model is used for the computation of the incident field in water, as it is not affected in terms of numerical performance by the distance of propagation of the wave. The incident field is computed on the upper boundary a FDTD box that is restricted to an area surrounding the specimen (Figure 2. ). In typical aeronautical configurations, wave propagation in water represents a few hundreds of wavelengths (considering typical water paths about 50 to 100 mm, with a wavelength about 0.3mm, corresponding to a 5 MHz probe), which would have been very demanding for a FDTD method. The coupling of both methods is performed thanks to the derivation of the reciprocity principle [5] . The FDTD box has to be wide enough for the whole incident beam generated by the emitter to be transmitted through the upper boundary of the box. Otherwise, part of the energy transmitted by the probe will be truncated and may give artifacts due to artificial diffractions at the edges of the coupling boundary. The same consideration is true for the energy coming back towards the transducer through the upper boundary of the FDTD box. Perfectly Matched Layers (PML) simulating the absorption of waves may be used on the boundaries of the FDTD box. Depending on the nature of the anisotropy, PMLs may be unstable [6] . That is why Dirichlet conditions may be preferred on the left and right boundary. Note that as the upper and lower boundaries are located inside water, PMLs are unconditionally stable on them. The source field is imposed as an external force derived from the incoming wavefield computed by CIVA.
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If the numerical coupling is done in a fluid, Auld's reciprocity principle leads to the expression of the echoresponse synthesis:
where is the pressure, the local normal component of the particle velocity vector expressed on corresponding to the upper boundary of the FDTD box and the operator corresponds to a temporal convolution. The superscript refers to the outgoing diffracted field from the FDTD computation. The superscript refers to the transducer, whose radiated field is expressed with the Green's functions of and quantities. The Green's functions are computed thanks to the semi-analytical ray-based model. To simulate the echo-response of the composite sample, we only need to retrieve ( ) and ( ) on the active surface from the FDTD computation. Therefore, the data to be exchanged for the coupling are the normal components of the particle velocity and the pressure on the upper boundary of the FDTD box, for both the incident field (ray-based computation) and the diffracted field (FDTD computation). The FDTD code implements a discretization scheme proposed by Virieux [7] using staggered grids both in time and space. With this numerical scheme, velocity components at the current node and current time-step, are computed from the stress components considered at the neighboring half-nodes and at the previous half-step in time. Similarly, stress components are computed from the velocity components of the neighboring half-nodes considered at the previous half-time step. This method is valid for any Poisson's coefficient and gives stable results for step discontinuities of impedance, such as a fluid/solid interface. The same numerical scheme is used for the propagation in solid and fluid, the fluid being modelled with a very small transverse velocity.
The stability of the numerical scheme is ensured as long as two criteria for the mesh-step and the time-step are respected:
where is the minimum wavelength in the configuration and the maximum velocity. Due to the anisotropy of the composite material the minimum wavelength and maximum velocity are deduced from the slowness curves.
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The computation of the minimum wavelength is obtained by dividing the smallest velocity in the specimen by the upper frequency of the -6 dB bandwidth of the excitation signal. The second equation is called the CFL condition.
Ultrasonic attenuation observed in CFRPs can generally be divided into two distinct contributions [4] . The first contribution comes from the inner structure of the healthy material and is called intrinsic attenuation. The second contribution results from the presence of pores in the material that causes scattering and attenuation. The intrinsic propagation has three origins: viscoelasticity of the resin, scattering by carbon fibers and attenuation caused by the reflection at the interfaces between plies. The attenuated signal may be obtained by post-processing the simulated signal obtained without attenuation. This filtering operation allows complex viscoelastic behaviors to be taken into account. Any frequency filter can be applied, accounting for all the aforementioned causes of attenuation. A slidingwindow Fast Fourier Transform is applied on the Ascan, as the frequency filter depends on the distance of propagation inside the structure which itself depends on the current time-step on the Ascan.
RESULTS AND VALIDATIONS
Comparison of the Two Approaches
2D simulations using both approaches have been performed for a curved quasi-isotropic laminated plate [0/+45/90/-45] composed of 24 plies. A delamination has been included within the composite thickness (8 mm depth). The thickness of each ply is assumed to be 500 μm including a 15 m epoxy layer. The radius of curvature is 100mm. In presence of intermediate epoxy layers between plies, structural noise can usually be observed. This noise is larger near the resonance frequency of the laminate, which can be computed by dividing the longitudinal ultrasonic velocity by twice the thickness of a ply. As the equivalent longitudinal velocity for a L0 control is about 3mm/μs, the resonance frequency of this plate is about 3 MHz. The structural noise associated to this resonance frequency is only observed with the hybrid model, as a homogenized medium is used for the ray-based model. Simulating structural noise might be important as shown by the following results. Simulations are performed without attenuation in pulse echo mode with a phased array transducer. Ascans obtained at 4 MHz and 3 MHz are presented on Figure 3 . Computation time is around 3' on a standard desktop computer for the hybrid model and 10" for the ray-based model. As expected, the amplitudes of the delamination and back wall echoes are the same for both models at 4MHz, because this frequency is far enough from the resonance frequency of the laminate. On the other hand, at 3 MHz, that corresponds to the laminate resonance frequency, a 2 dB difference is observed on the delamination echo. Indeed, the energy loss of the ultrasonic beam due to the presence of intermediate epoxy layers is not negligible at this frequency. 
Experimental Validation of Hybrid Model
A flat quasi-isotropic laminated plate [0/+45/90/-45] composed of 28 CFRP plies is now considered. The thickness of each ply is assumed to be 259 μm including a 15 m epoxy layer. As the equivalent longitudinal velocity is about 3mm/μs, the resonance frequency of this plate is about 6MHz. Full attenuation measurements were conducted on those samples by AGI and used as input for the post-processing.
Experimental and simulated AScans obtained with the hybrid model for two different transducer center frequencies (3.5 and 5 MHz) are shown on Figure 4 . As expected, the highest amplitude of structural noise is found for 5 MHz, which is closer to the ply resonance frequency. Simulation shows a pretty good prediction of the amplitude and time of flight of the backwall echo. The model predicts also relatively well the amplitude of the structural noise for both the 3.5 MHz (absence of structural noise) and 5 MHz probes. It is thus possible to use the hybrid model to predict the Signal-to-Noise ratio and the possibility of detecting small defects in the presence of structural noise. 
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Experimental Validation of Ray-based Model
Finally, performances of the ray-based model have been demonstrated on a curved quasi-isotropic laminated plate [0/90] composed of 16 CFRP plies. Each ply is 295 μm thick. Disk shaped teflons inserts of different diameters (12, 6 and 25) are to be detected Experimentally, the inspection is robotized to ensure a normal incidence along the scanning trajectory ( Figure 5 ). Simulated and experimental Bscans shown on Figure 6 are obtained at 5MHz. Even if the structural noise is not taken into the simulations, a very good agreement is obtained in terms of amplitude and time of flight. 
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SURFACE ADAPTIVE ULTRASOUND METHOD
The SAUL (Surface Adaptive Ultrasound) method is an adaptive inspection technique to be used with phasedarray probes in Paintbrush mode. It enables to control aeronautical composite structures with complex geometries such as radius [8] . Practically, it leads to faster inspections of these complex parts. SAUL has been implemented in M2M acquisition system. In an immersion testing configuration, the technique allows to transmit a wavefront locally parallel to complex surfaces. This is achieved by means of an iterative algorithm that does not require a specific prior knowledge about the geometrical and acoustical properties of the component.
The iterative process begins with the transmission of a plane wave by simultaneously firing all the elements of the array (no delay law). Times-of-flight for each individual Ascan are measured to compute the delay law that is applied y be written as: 1 1 2 
is the time-of-flight for element n measured at the previous shot j. In reception, the delay applied is defined by:
SAUL has been implemented in CIVA by performing a time-of-flight measurement on the frontwall echo. The method has been applied on 7mm thick curved plate, with a radius of curvature of 20 mm. 4mm diameter and 3mm depth flat bottom holes have been drilled slighty shifted from the axis of the elbow. This echo has been computed using the ray model on the homogenized sample for computational efficiency. A 32 elements linear probe is considered at 5MHz. Simulated and experimental Cscans are shown on Figure 6 with and without SAUL. As expected, the SNR for the detection of the two flat bottom holes is far better using SAUL than using null delay laws. 
CONCLUSIONS
Two modelling approaches have been proposed for the simulation of CFRP inspections. The first one uses a raybased model on a homogenized specimen whereas the second one uses a hybrid ray/FDTD approach. As the individual plies are considered in the latter approach, the simulation results are more accurate. Specifically, structural noise is taken into account in the hybrid model. Both approaches can be applied to flat and curved laminated plates as well as stiffeners. The overall attenuation, due to viscoelasticity, porosities or scattering by fibers, can be taken into account by post-processing. For the inspection of complex geometries, the SAUL algorithm has been implemented. Future developments include the integration of a 3D version of the hybrid model in CIVA.
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